Three metallurgical cokes made from coking coals over a significant range in rank were subjected to treatment with blast furnace-like gas composition-temperature profile to 1 673 K, annealing under N 2 to 2 273 K and gasification with subsequent annealing at 1 873 and 2 273 K. The degradation of cokes after reaction and annealing was characterised using I-drum tumbling, tensile testing, ultra-micro indentation and X-ray diffraction. Both gasification and annealing decreased the mechanical strength of coke. Compared with annealing at 1 673 K, gasification at same temperature caused larger degradation for all three cokes, and the effect was more significant on more reactive coke. In the annealing process, degradation of the cokes occurred through the entire coke lump and resulted in both tensile strength and I-drum tumbling strength decreasing simultaneously. In the process of gasification under the blast furnace-like conditions, degradation took place through the whole piece of coke with high reactivity; however, the degradation of coke with low reactivity was more severe at the periphery than in the core and therefore gasification had a minimal effect on the core of the coke and its tensile strength, but had a much stronger effect on I * 600 . Microstrength of coke decreased significantly with increasing annealing temperature. The change of microstrength of coke upon gasification, which occurred at relatively low temperatures, was marginal. The cokes after gasification with subsequent annealing had similar microstrength and graphitisation degree compared to those subjected only to annealing at the same temperature.
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Introduction
High productivity blast furnace (BF) ironmaking operations within modern integrated steelworks are subject to relentless cost pressures. Metallurgical coke represents a significant proportion of the production costs in the BF operation. Functionally, metallurgical coke is both a fuel and reductant in the BF, providing support to the ore burden materials; it is the only material that remains a solid phase in the high temperature zones adjacent to the blast furnace combustion zones (raceways).
The mechanical strength of a coke is much higher than the load under which coke is subjected to in the BF. The coke is required to maintain adequate strength to support the furnace burden materials and resist abrasion, minimising fine coke generation with consequent diminution of burden permeability. However, coke samples collected from the lower region of the BF typically show evidence of significant degradation, such as microtextural changes and lump-size decrease. Apart from the fractures extending from pre-existing fissures, the degradation of coke in the BF is mainly caused by the gas-solid reaction and heating to high temperature. Peak coke temperatures are up to 2 273 K (close to the typical raceway flame temperatures).
The properties of coke under the BF operating conditions have been studied with a focus on the reactivity and mineral phase changes of cokes. [1] [2] [3] [4] [5] Babich et al. 1) conducted experiments under the real BF gas-temperature conditions, and observed a higher reaction rate of the cokes close to the wall of BF than that in furnace centre. Lundgren et al. 2) studied the reactivity of cokes charged into an experimental BF, and suggested that the solution loss reaction in the BF was limited by the diffusion rate and the reaction mainly took place in isotropic area of cokes. Hilding et al. 3) found that the reactivity of coke increased during progressive movement from the thermal reserve zone to cohesive zone of the experimental BF. Gornostayev et al. 4) investigated the transformations of mineral matters of cokes in the BF and claimed that the transformation of mineral matters of coke in the BF reduced coke reactivity by covering the pore wall and the redistribution of mineral phases led to the creation of weak spot in coke matrix, thus reducing the coke strength. However, the degradation of coke mechanical strength under the BF gasification conditions has not been systemically studied.
The effect of heating on the coke strength was studied previously. [6] [7] [8] [9] [10] [11] Grant et al. 6) found that the compressive strength of cokes at 1 673 K was higher than that at ambient temperature. On the other hand, Echterhoff 7) conducted the Micum test of coke at 1 323 K and observed a general deterioration in the coke strength when the temperature increased above the coking temperature. This phenomenon was also confirmed by Bradshaw et al. 8) Patrick et al. 11) observed a degradation of tensile strength of cokes when tested at 1 723 K. Xing et al. 9, 10) examined the effect of annealing of cokes, chars and pyrolysed coals in the temperature range of 973 to 1 773 K on tensile strength measured at room temperature. The tensile strength of chars and pyrolysed coals was strongly enhanced by annealing in the temperature range of 973-1 373 K. The tensile strength of cokes was slightly decreased by the heat treatment after the annealing temperature increased above 1 573 K. Coke degradation upon heating to temperatures close to the raceway flame temperature was not studied.
In this study, properties of coke were studied under simulated temperature and gas composition conditions in the blast furnace ironmaking operation. The aim of this investigation is to quantify the degradation of coke macroand micro-strength upon reaction under conditions simulating blast furnace gas composition-temperature profiles and develop a fundamental understanding to the mechanisms of coke degradation in the blast furnace ironmaking operation.
Experimental Section

Materials
Three metallurgical cokes A, C and D were studied in this work. Coke A was a production coke from a medium volatile base blend of moderate inertinite content (36.9 vol.%) with the addition of 11 wt% semi-soft coal. The fused component was dominated by fine-medium lenticular microtextural types. Cokes C and D were pilot oven cokes prepared from high and low rank coals respectively. The fused component of Coke C consisted of coarse lenticular and ribbon microtextural types, and Coke D, medium-coarse circular microtextural types. A summary of the coke proximate and partial ash analyses are presented in Table 1 .
Annealing and Gasification of Cokes
Annealing
200 g of coke with a particle size of + 19-21 mm was heat-treated in a graphite furnace (Fig. 1) for 2 hours at temperatures of 1 673, 1 873, 2 073, and 2 273 K. The heating rate to the nominated treatment temperature was fixed at 25 K/min. The samples were contained in a graphite crucible, into which 1 L/min of nitrogen (99.99%) was continuously blown through a graphite ducting tube attached to the bottom of the crucible. Heat treatment time was counted from the time when the furnace temperature reached the designated value until cooling commenced.
Temperature profile of annealing and gas compositiontemperature profile of gasification are shown in Fig. 2 . Coke annealing was conducted under the 100 vol.% N 2 atmosphere, while coke gasification was conducted in the CO-CO 2 with balance N 2 gas mixture varied with temperature according to the atmosphere in the different regions of the blast furnace. The original coke sample prior to any heat treatment was labelled as Coke 1; while the other four coke samples, after annealing at different temperatures from 1 673 to 2 273 K, were labelled sequentially as Coke 2 to Coke 5, respectively.
Gasification
200 g sample of coke, contained in a silicon carbide reaction vessel, was reacted under conditions simulating the blast furnace gas composition-temperature profile from 1 173 to 1 673 K. The schematic diagram of furnace for gasification is shown in Fig. 3 . The gas compositiontemperature profile was based on a vertical probing of the Hoogoven blast furnace reported by Van der Velden et al. 12) In the current experiments, water and hydrogen were excluded from the gas atmosphere and the total gas flow rate was fixed at 5 L/min. The temperature interval between 1 173 and 1 273 K corresponded to the coke passage through the furnace thermal reserve zone, and from 1 373 to 1 673 K approximated to its passage through the cohesive or softening-melting zone. Samples were heated from room temperature to 1 173 K in 100 vol.% N 2 atmosphere, then the CO-CO 2 -N 2 gas mixture was introduced into reactor to start the gasification. As shown in Fig. 2 , gasification started at 1 173 K and stopped once temperature reached 1 273 K (Coke 6), 1 473 K (Coke 7) and 1 673 K (Coke 8). For Coke 9, the gasification was again followed to 1 673 K and then the sample was held at this final condition for 2 additional hours. Coke samples were quenched under N 2 after the gasification reaction.
Gasification with Subsequent Annealing
200 g coke sample reacted under the conditions for Coke 9 was subsequently annealed in the graphite furnace at 1 873 and 2 273 K for 2 hours. The heating rate to the nominated treatment temperature was fixed at 25 K/min. Cokes after gasification and subsequent annealing at 1 873 and 2 273 K were labelled as Coke 10 and Coke 11, respectively. The gasification with subsequent annealing of coke simulated the condition of coke passage from the top to the lower zone of BF.
X-ray Diffraction
X-ray diffraction (XRD) was used to determine the coke graphitisation degree, which was characterized by the crystallite size, L c , or stack height, calculated using the Scherrer equation.
13) XRD spectra of powdered samples were obtained using a Philips X'Pert Multipurpose X-ray Diffraction System (MPD). Copper Kα radiation (45 kV, 40 mA and 1.5409 Å wavelength) was used as the X-ray source. Samples were scanned in the range of 2θ from 10 to 50° with a step size of 0.02° and 0.6 s scanning time at each step.
Macrostrength of Metallurgical Cokes
2.4.1. Tensile Strength Cylindrical cores of 8 mm diameter were drilled from coke lumps. Samples for tensile testing were cut from the cylindrical cores to 7-8 mm length. The tensile strength of the coke was determined by measuring 50 air-dried core samples on an Instron 1 185 screw universal testing machine with 5 kN load cell. The rate of load application was standardized at a machine crosshead speed of 0.5 mm/min. The load was applied along the diameter direction until fracture occurred as a result of tensile stress developed perpendicular to the applied load. The tensile strength was calculated from the applied load at breakage and the dimensions of the cylinder sample. 14, 15) 
I-drum Tumbling Strength
I-drum tumbling strength of cokes after reaction under the simulated blast furnace conditions were evaluated using the procedure derived from the standard CSR test (Australian Standard 1 038. . A sub-sample of the treated coke (150 ± 2.5 g) was tumbled in an I-drum tumbler rotated at 20 revolutions/min for 30 minutes (600 revolutions). The tumbled sample was sieved over a 10 mm perforated plate laboratory sieve (200 mm diameter); the percentage of + 10 mm of the original samples was reported as the strength after reaction and noted as I * 600 .
Microstrength of Metallurgical Cokes
The microstrength of cokes was measured using a UMIS2000 ultra micro indentation system. Indentation was made on the polished surface of resin-mounted samples. IMDC and RMDC were identified under the optical microscope ( × 400) attached to the UMIS unit based on their microtexture. Measurements were carried out on both IMDC and RMDC.
Hardness and Young's Modulus
Hardness, H, and Young's modulus, E, were determined from the loading-unloading curve, obtained in the microindentation tests with a Berkovich indenter by increasing applied load to 100 mN and measuring the depth of penetration of the diamond indenter. Ten measurements for each type of coke microtexture were carried out across several sample lumps. The hardness and Young's modulus were calculated according to the method developed by Oliver and Pharr. 16) 
Fracture Toughness
Previous indentation studies of metallurgical cokes showed that the use of this indenter resulted in a deformation with no residual indenter impress after full unload, and crack formation. 10, 17) Therefore in tests to determine the fracture toughness, a sharper cube corner indenter was used to produce a residual impression and measurable radial cracks. The fracture toughness was determined from measurements of the crack length of the residual impression formed after indentation using the optical microscope ( × 400) attached to the UMIS unit. Fracture toughness of coke IMDC and RMDC microtextures was determined using 200 mN load, with a cubic corner indenter. Measurements of crack lengths of residual impression after full unload were taken at 10 different locations. The fracture toughness K 1c was calculated using experimental hardness, Young's modulus, length of cracks, and geometry of the applied indenter.
18)
Porosity Analysis of Metallurgical Cokes
Porosity of cokes subjected to reaction under the simulated blast furnace conditions was determined using Image analysis. A representative analysis of each coke was based on 30 images of samples which were mounted in epoxy resin blocks. Care was taken to achieve a well-polished surface and avoid damage of coke pore wall during polishing using fine grinding paper. Images were captured by a Nikon Model EPIPHOT 600 microscope under a low power objective lens (magnification × 5) with Nikon digital camera. The captured images were binarised using software ImageJ developed by NIH. After binarisation, the pores and walls of cokes were represented by black and white areas respectively. The porosity of carbonaceous materials was calculated as the fraction of black area using ImageJ software.
Results and Discussion
Reactions of Cokes during Annealing and Gasifica-
tion A series of reactions took place when the coke samples were treated at high temperatures either in nitrogen or in a simulated blast furnace gas atmosphere which resulted in weight loss of the samples. The weight loss of coke samples after annealing and gasification to different stages is shown in Fig. 4 . The average of relative standard deviation (RSD) for weight loss measurements was 0.03. The weight loss of all the cokes subjected to annealing and/or gasification increased with increasing treatment temperature. During gasification, the weight loss of Cokes C and D was more significant than that of Coke A, which indicated that Cokes C and D had high reactivity than Coke A. The weight loss of cokes during annealing in a nitrogen atmosphere resulted from moisture and volatile matter (proximate) losses, further devolatilisation at high temperatures, and reduction of minerals (mainly quartz and aluminosilicates) by encapsulating coke carbon.
During the gasification process when CO 2 was present in the gas phase, the solution loss reaction made a significant contribution to the weight loss; besides the Boudouard reaction, release of moisture and volatile matter, and the mineral reactions (mainly quartz) at temperatures below 1 673 K also contributed the weight loss. From Fig. 4 , the weight losses of Cokes A and C after gasification to 1 273 K (Coke 6) were 0.8 and 2.3%, respectively, which were equivalent or lower than the sums of their individual moisture and volatile matter (proximate), which means that the solution loss reaction was insignificant at this stage. Coke D had a higher weight loss (3.2%) than that of A and C, although its sum of moisture and volatile matter was smaller. This higher weight loss for Coke D remained for other gasified samples, indicating that Coke D was more reactive to CO 2 . After gasification to 1 673 K, the weight loss of Coke 8 was higher in comparison with annealed samples at the same temperature (Coke 2). When the treatment process was extended for an extra 2 hours at the same temperature without CO 2 provided in the gas phase (Coke 9), the weight loss increased further, especially for Coke D, showing that most of weight loss at high temperatures was caused by carbothermal reduction of the metal oxides in the mineral matter (mainly quartz and aluminosilicates) of coke.
Increasing the annealing temperature from 1 673 K (Coke 2) to 2 273 K (Coke 5) brought about an increase in the weight loss of 8-11% for all three cokes. This significant increase is related to the removal of hydrogen and small fragments of organic species accompanied by graphitisation of coke (Section 3.2), as well as reduction of mineral matter. Carbothermal reduction of SiO 2 to SiO and SiC significantly contributed to the weight loss at high temperatures; 9) the reaction of other minerals with low content, such as Fe bearing minerals, also made contribution to the weight loss during annealing. 19) 
Graphitisation of Cokes
The change of graphitisation degree of cokes, represented by the crystallite size L c , under simulated blast furnace conditions is shown in Fig. 5 . The crystallite size of all three cokes increased with increasing annealing temperature in the temperature range of 1 673-2 273 K. However, the effect of annealing on the graphitisation of Coke D was significantly lower compared with Cokes A and C. The crystallite size of the three cokes before heat treatment was within the range of 18-21 Å, but after annealing under N 2 at 2 273 K the crystallite size of Coke D was approximately 30% lower than of Coke A and 40% lower than of Coke C.
Gasification of samples up to 1 673 K affected graphitisation of cokes to a smaller extent as a consequence of the relatively low gasification temperature. A slightly higher L c for Coke 9 compared to Coke 8 was attributed to the extended heating time at 1 673 K. Gasification with subsequent annealing at 1 873 and 2 273 K (Cokes 10 and 11) had a similar effect on coke graphitisation as annealing without gasification at the same temperatures. Therefore, heating temperature and time are two key factors affecting the degree of graphitisation in addition to the coke properties.
Microstrength of Cokes
The fracture toughness of the original coke samples and samples after annealing and gasification is presented in Fig.  6 . The average of relative standard deviation (RSD) for fracture toughness measurements was 0.19. The fracture toughness of Coke C was reported only for IMDC as the RMDC was dominated by coarse mosaic and foliate microtexture, where the crack length of the residual impression after micro-indentation was difficult to measure.
Fracture toughness of IMDC in the original cokes was in the range of 1.5 to 1. ). This is related to the development of graphitisation of Coke A which was more pronounced than that of Coke D upon annealing. The coke matrix becomes weaker with an increase of its graphitisation as the carbon structure transforms from crosslinked non-graphitic carbon to parallel orientated graphite layers; hence, the resistance to fracture decreases during this process. [20] [21] [22] The effect of gasification on microstrength of cokes was limited compared with the annealing. It can be attributed to a smaller degree of graphitisation of cokes during gasification at relatively low temperatures (Fig.  5) . The microstrength of cokes after gasification followed by annealing was close to that of cokes subjected only to annealing at the same temperatures, which was also related to similar graphitisation degree of the samples.
Macrostrength of Cokes
Tensile Strength
The tensile strengths of original cokes and cokes after annealing, gasification and gasification with subsequent annealing are presented in Fig. 7 . The average of relative standard deviation (RSD) for tensile strength measurements was 0.29. Among the three coke samples, Coke A had the highest tensile strength of 7.71 MPa, while for Cokes C and D the measured values were 4.62 and 5.49 MPa, respectively. For all three cokes, the tensile strength decreased with increasing annealing temperature; 38% decrease in the tensile strength was observed for Cokes A and C on annealing at 2 273 K and a smaller, 12%, decrease in the case of Coke D. This smaller decrease in the tensile strength of Coke D matches a smaller increase in the graphitisation degree of the same coke in the annealing. Gasification negatively affected the tensile strength of cokes, which, apart from Coke A, decreased with increasing gasification temperature. The tensile strength of Coke A decreased by about 8% after gasification upon heating to 1 273 K, and then changed only marginally with further increase in the gasification temperature. Gasification temperature had a stronger effect on the tensile strength of Coke D than annealing, which was opposite to the case of Cokes A and C. The tensile strength of Coke D after gasification at 1 673 K (Cokes 8 and 9) was lower than after annealing at 2 273 K. Gasification at 1 673 K caused larger degradation than annealing at the same temperature for all three cokes, and the effect was more significant on the more reactive coke. The tensile strength of Cokes C and D gasified at 1 673 K for 2 hours was 15% lower than that after annealing at the same temperature, the difference for Coke A was only 2%.
Annealing following gasification caused more significant degradation of the tensile strength than solely gasification, or annealing. This effect of subsequent annealing was more evident for Coke A and Coke C. The tensile strength of Cokes A and C after gasification and annealing at 2 273 K was 34% lower than after the sole gasification at 1 673 K. The difference was only 10% for Coke D.
The tensile strength of cokes is a comprehensive indicator which is affected by many factors, including the matrix properties and defects of coke samples. The strong effect of gasification on Cokes C and D may be attributed to their high gasification reactivity in comparison to Coke A. Reduction reactions of the mineral matter in cokes during high temperature annealing brought about decrease in the solid coke volume and so weakened binding at the interface between coke carbon and the inorganic phases resulting in lowering of the tensile strength of annealed cokes. This may explain the decrease in tensile strength, in addition to the decrease of microstrength of carbon matrix due to graphitisation.
I-drum Tumbling Strength
I-drum tumbling strength of cokes after treatment under the simulated blast furnace conditions is shown in Fig. 8 . Original Coke A had the highest I-drum tumbling strength, while I * 600 of Coke C was the lowest before treatment. Annealing degraded I-drum tumbling strengths of all three cokes; however, the degradation of Cokes A and C was more significant than that of Coke D, which was consistent with the measurements of tensile strength. Gasification at 1 673 K had a more notable effect on the degradation of I-drum tumbling strength than annealing at same temperature. Figure 9 presents the correlation between tensile strength and results of the tumbling test of cokes after annealing (Coke 2 to 5) and gasification (Coke 6 to 9). An acceptable correlation between the tensile strength and I * 600 was found in both annealing and gasification for the cokes with high reactivity (Cokes C and D). However, the correlation for Coke A with low reactivity was only good in annealing, and was poor in gasification (R mechanisms of the two measuring methods.
Preparation of samples for measuring of tensile strength and I-drum tumble strength was significantly different. The specimen for tensile testing was drilled from the coke lumps. In effect, the samples were derived from the "core" of the coke lumps, with lump peripheral regions being discarded. The coke samples for the I-drum tumbler testing were whole lumps presented in an as-processed condition. The size reduction in tumbling is caused by impact induced failure on particles collision with the walls/end-plates of the I-drum and abrasion of the coke lumps in the process of relative motion. Abrasion related size reduction is strongly correlated with the peripheral strength of the coke particles. Pore structure development during annealing shown for Coke A in Fig. 10 (the black area represented the coke pores and the white area represented the coke matrix) took place through the entire piece of coke; the porosity of original Coke A was 51%; the porosity of the core and periphery of Coke A after annealing at 2 273 K were 59 and 56% respectively. Therefore, both tensile strength and I * 600 of Coke A decreased in the same manner.
In the gasification process, the degradation of Coke A caused by reaction was predominantly developed on the periphery of the lump, and the degree of reaction decreased toward the centre of the lump; the core of the coke lump was much less affected by the solution loss reaction (Fig. 11) . The porosity of core and periphery of Coke A after gasification at 1 673K for 2 hours were 56 and 66%, respectively. As a result of difference in degradation of the coke's core and periphery, the decrease of tensile strength of Coke A during gasification reaction was not as significant as the decrease of its I * 600 . However, the solution loss reaction took place through the entire piece of the coke with high reactivity, such as Coke D. The images of core and periphery of Coke D after gasification at 1 673 K for 2 hours are shown in Fig. 12 . The porosity of Coke D before treatment was 58%. Similar degree of the gasification reaction was observed at the core and periphery in Coke D, and the porosity of core and periphery after gasification were 64% and 68%, respectively. As a result, the tensile strength and I-drum tumbling strength of coke with high reactivity in gasification decreased in a similar manner.
The degradation of coke is directly related to the extent of reaction caused by the solution loss reaction.
23) The solution loss reaction of coke under the BF-simulated conditions occurred predominantly on the periphery of a low reactive coke and took place through the entire lump of coke with high reactivity. A good correlation between weight loss and I * 600 , which characterizes the peripheral strength of all three cokes is seen in Fig. 13(a) ; however, the correlation between the weight loss and tensile strength (core strength), was only good for cokes with high reactivity (as shown in Fig. 13(b) ).
Conclusions
The degradation of cokes over a wide range of fused component microtextures was studied under simulated blast furnace conditions. The examined coke treatment conditions include gasification with simulated blast furnace gas composition-temperature profiles to 1 673 K; annealing under N 2 to 2 273 K; and gasification with subsequent annealing at 1 873 and 2 273 K. The major findings can be summarised as follows:
(1) The coke strength depends on its microstrength and pore structure. Change in the coke microstrength upon annealing is related to the coke graphitisation, while development of the pore structure depends on the coke reactivity in both gasification and annealing processes.
(2) Both gasification and annealing decreased the mechanical strength of coke. Compared with annealing at 1 673 K, gasification at the same temperature caused larger degradation of all three cokes, and the effect was more significant on the more reactive coke. The tensile strength of the low-reactive Coke A gasified at 1 673 K was 2% lower than that after annealing at the same temperature; the difference between tensile strength after gasification and annealing at 1 673 K for Cokes C and D which have higher reactivity, was approximately 15%.
The coke degradation during annealing occurred through the entire piece of coke. During gasification of coke with high reactivity under the BF conditions, degradation also took place through the whole piece; however, the degradation of coke with low reactivity was more severe on the periphery than that in the core.
(4) Microstrength of coke decreased significantly with increasing annealing temperature as a result of coke graphitisation which increased with increasing temperature. The change of microstrength of coke upon gasification, which occurred at relatively low temperatures, was marginal. The cokes after gasification with subsequent annealing had similar microstrength and graphitisation compared to those subjected only to annealing at the same temperature.
(5) A low-reactive Coke A demonstrated superior mechanical properties in comparison with Cokes C and D under the simulated BF conditions.
